The potential for the release of metals into groundwater following the injection of carbon dioxide (CO 2 ) into the subsurface during carbon sequestration projects remains an open research question. Changing the chemical composition of even the relatively deep formation brines during CO 2 injection and storage may be of concern because of the recognized risks associated with the limited potential for leakage of CO 2 -impacted brine to the surface. Geochemical modeling allows for proactive evaluation of site geochemistry before CO 2 injection takes place to predict whether the release of metals from iron oxides may occur in the reservoir. Geochemical modeling can also help evaluate potential changes in shallow aquifers were CO 2 leakage to occur near the surface. In this study, we created three batch-reaction models that simulate chemical changes in groundwater resulting from the introduction of CO 2 at two carbon sequestration sites operated by the Midwest Geological Sequestration Consortium (MGSC). In each of these models, we input the chemical composition of groundwater samples into React ® , and equilibrated them with selected mineral phases and CO 2 at reservoir pressure and temperature. The model then simulated the kinetic reactions with other mineral phases over a period of up to 100 years. For two of the simulations, the water was also at equilibrium with iron oxide surface complexes. The first model simulated a recently completed enhanced oil recovery (EOR) project in south-central Illinois in which the MGSC injected into, and then produced CO 2 , from a sandstone oil reservoir. The MGSC afterwards periodically measured the brine chemistry from several wells in the reservoir for approximately two years. The sandstone contains a relatively small amount of iron oxide, and the batch simulation for the injection process showed detectable changes in several aqueous species that were attributable to changes in surface complexation sites. After using the batch reaction configuration to match measured geochemical changes due to CO 2 injection, we modeled potential changes in groundwater chemistry at the Illinois Basin -Decatur Project (IBDP) site in Decatur, Illinois, USA. At the IBDP, the MGSC will inject 1 million tonnes of CO 2 over the course of three years at a depth of about 2 km below the surface into the Mt. Simon Formation. Sections of the Mt. Simon Formation contain up to 10 percent iron oxide, and therefore surface complexes on iron oxides should play a major role in controlling brine chemistry. The batch simulation of this system showed a significant decrease in pH after the injection of CO 2 with corresponding changes in brine chemistry resulting from both mineral precipitation/dissolution reactions and changes in the chemistry on iron oxide surfaces. To ensure the safety of shallow drinking water sources, there are several shallow monitoring wells at the IBDP that the MGSC samples regularly to determine baseline chemical concentrations. Knowing what geochemical parameters are most sensitive to CO 2 disturbances allows us to focus monitoring efforts. Modeling a major influx of CO 2 into the shallow groundwater allowed us to determine that were an introduction of CO 2 to occur, the only immediate effect will be dolomite dissolution and calcite precipitation.
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Introduction
One of the major potential technologies for reducing the emission of greenhouse gasses is geologic carbon sequestration: injecting industrial CO 2 emissions into geologic reservoirs for permanent storage. With 29 to 117 billion tonnes of CO 2 sequestration capacity in deep saline reservoirs [1] , and fixed-emission sources producing more than 304 million tonnes of CO 2 [2] , carbon sequestration appears to provide a viable option for reducing CO 2 emissions in the Illinois Basin.
The Midwest Geological Sequestration Consortium (MGSC), with funding from the U.S. Department of Energy's National Energy Technology Laboratory, has been conducting three sequestration projects that involve injection of CO 2 in mature oil fields and one project injecting into a shallow coal bed. These pilot-scale projects provide information about CO 2 injection in the Illinois Basin in general and may provide experience for the MGSC large-scale Illinois Basin -Decatur Project (IBDP) that will inject a million tonnes over a three-year period. The MGSC has already collected background mineralogical and geochemical data at the IBDP that allow for the creation of the initial geochemical models needed to evaluate both the deep injection and potential shallow releases.
We matched the observed geochemical changes from an enhanced oil recovery (EOR) site where the MGSC injected CO 2 and then used the kinetic information derived from that model in models for other sites. Measured mineralogical, geochemical, and surface complexation data formed the basis of these new models that, though predictive, still are constrained by the realistic rate parameters from the first model. These predictive models allow us to investigate the possible release of metals from iron-oxide coatings at a CO 2 sequestration site, and the potential impacts of CO 2 release into shallow aquifers on groundwater quality.
Models and Methods
In this study, we constructed three geochemical models that embrace three different aspects of sequestration. For each scenario, we input the initial groundwater geochemistry into React [3] , a geochemical modeling program capable of simulating kinetic reactions and mixing. We then increased the fugacity of CO 2 in the model to the desired value while blocking mineral precipitation. The simulated CO 2 -charged brine was then allowed to react with minerals present in the model according to the rate law
where m/t is the change in mineral mass per time, S is the surface area, k a is the rate constant for acid-catalyzed reactions, k n is the rate constant at neutral pH conditions, ȍ is the saturation index, and a H+ is the activity of hydrogen raised to the n th power [4, 5] . The surface reactions were constrained with data from Dzombak and Morel [6] .
The first model simulated a CO 2 EOR project completed by the MGSC. The EOR was a "Huff'n'Puff" where CO 2 was injected, shut in so that it could react with the reservoir fluids, and then released after a set period. The EOR study took place in the Loudon oil field in southwest Illinois, USA. About 39 tonnes of CO 2 was injected into the Cypress Sandstone and then shut in for eight days. In the two months after injection, the oil production peaked at eight times the normal rate [7] . The MGSC collected brine samples from wells before CO 2 injection began and after the shut-in period ended [8] . We used the mineralogical data from previously published sources [9] to further constrain the model.
The geochemical data from the EOR site was the starting point for a kinetic mixing model in React. The optimization software UCODE [10] adjusted the mineral surface areas, CO 2 fugacity, mixing rate, and sorbing surface properties of the model to improve the fit to observed data. The rate constants used for the mineral reaction rates were taken from previously published sources [5, 11] .
We then used the same optimized reaction rates and surface-area parameters from the EOR model to create a batch model of CO 2 injection into the Mt. Simon Sandstone at a depth of 1,960 m. A brine sample from the Mt. Simon Sandstone and bulk mineralogy from core analysis were the starting point for this model. The fugacity of CO 2 was calculated based on the equations of Duan et al. [12] and the observed formation pressure and temperatures.
To better characterize the surface complexation of the iron-oxides in the Mt. Simon Sandstone, a core sample collected at the depth of 1,960 to 1,961 m was disaggregated to pass through a 2-mm sieve. Five-g samples were then extracted with a 0.6% solution of sodium dithionite for 48 hours at room temperature [13] . The extracts were analyzed within two hours after phase separation by a Varian Vista-PRO Simultaneous Inductively Coupled Argon Plasma-Optical Emission Spectrometer. We used this complexation data along with the measured Mt. Simon brine composition to calibrate the surface potential of the iron oxide mineral phases in the model.
The third model is of a hypothetical leakage of CO 2 into a shallow aquifer above the IBDP injection site. While leakage is highly unlikely, the MGSC installed shallow monitoring wells in a fresh-water aquifer above the injection well to monitor for geochemical changes. The MGSC samples the monitoring wells monthly, and there is currently more than one year of background data collected. The well presented here was completed in sandstone at a depth of 29 m. Again, the optimized mineral surface areas from the EOR model served as input into this model. XRD analysis of core samples indicated that, unlike the other systems, iron-oxide surfaces were not present. We ran the model to simulate 30 days of leakage, roughly the sampling interval at the monitoring well, to investigate whether a CO 2 leak could be detected within the relatively short time-frame of monthly sampling. 
Results and Discussion

EOR site
The MGSC periodically measured brine composition of the EOR wells for 745 days after injection [8] . The data presented here are from the injection well where we observed the largest changes in brine composition. The model provided a good fit to the observed data (Fig. 1) . This model differs from the other two in that it incorporated mixing to account for water unaffected by CO 2 being pumped into the area around the well. The addition of CO 2 decreased pH, although calcite initially precipitated to buffer addition of CO 2 into solution. As the pH continued to decrease, the buffering capacity of the minerals was exhausted, and the calcite started to dissolve (Fig. 2) . The dissolution of illite and chlorite driven by the decrease in pH created a spike in both the Si and Al concentrations, which drive the precipitation of kaolinite and chalcedony, by the following reaction: The EOR model is similar to previous studies that predict the addition of CO 2 changing one clay phase into another [14] . The effects of clay mineral precipitation and mixing of the CO 2 -altered brine with unaffected water slowly alters the brine composition towards background values (Fig. 1) .
The concentration of most elements in solution and sorbed onto hematite were unaffected by the addition of CO 2 (Fig. 3) . The only surface species that underwent major changes by the introduction of CO 2 were manganese, silicon, selenium, and zinc. The concentration of other species changed by less than an order of magnitude. The silicon continued to desorb after the initial equilibration with CO 2 because of the precipitation of chalcedony. The concentration of selenium on the iron-oxide surface increased by 5 orders of magnitude while the solution equilibrated with the CO 2 , and continued to increase during the kinetic phase of the model. Overall, the model showed little release of heavy metals because of the introduction of CO 2 .
Deep Mt. Simon
The IBDP is a large-scale sequestration effort by the MGSC to inject one million tonnes of CO 2 from an ethanol plant into the Mt. Simon Sandstone. Because of the widespread presence of the Mt. Simon, and the high salinities that are found throughout most of the formation, this unit is likely to be the largest sequestration target for non-EOR projects in the Illinois Basin. Because of the apparent abundance of hematite in core samples of the Mt. Simon Sandstone, the desorption of trace elements that were sequestered by iron oxides is likely to be a concern at any sequestration site in the Mt. Simon. To model the long-term impacts of carbon sequestration at the IBDP, CO 2 -charged brine was reacted for 100 years. React predicted that calcite precipitation would follow a pattern that was opposite to that in the EOR model. Calcite dissolved during the early stage of the simulation, and buffered the decrease in pH while siderite precipitation buffered the addition of CO 2 . Calcite began to precipitate after the slower-reacting clay minerals became the primary pH buffers. The illite-to-kaolinite transformation again counteracted the decrease in pH (Fig. 4) .
React calculated that some metals, such as selenium, sorb onto the iron-oxide surfaces As the silicate minerals slowly buffer the pH, the sorbed concentrations change towards their pre-injection values. However, some of the sorption capacity is lost because of iron-oxide dissolution (Fig. 4) .
Shallow monitoring well
The third model presented here differs from the previous two in that it simulates only one month of groundwater interaction with CO 2 . This short time frame was not long enough for the silicate minerals present in the system to react to a significant degree. This model was built to determine what short-term changes might take place in the unlikely event of CO 2 leakage. The lower hydrostatic pressures found in a 29-m deep well relative to the deeper scenarios also meant a reduced fugacity for CO 2 and a relatively smaller change in pH. Because of the short time frame and ability of the carbonate minerals to buffer changes in pH, the silicate minerals underwent no significant changes (Fig. 6) . The main reaction was dolomite dissolving to form calcite, dolomite + H + ļ HCO3-+ calcite + Mg 2+ which buffered changes in pH. Both calcium and magnesium dissolved into solution (Fig. 7) , but because of calcite formation, the magnesium increased more than double that of calcium. Because of the difficulty in obtaining accurate downhole gas measurements, monitoring magnesium and calcium concentrations in shallow groundwater samples could help detect CO 2 leaks. Of course, this calculation is site-specific; a well without an abundance of dolomite may have a different response. Therefore, each well must be considered individually to determine its unique sensitivity.
There were no iron-oxides detected in any of the shallow monitoring well core samples, and therefore iron oxides were not part of the model. The largest geochemical change from the modeled leak was the increase in calcium and magnesium concentrations. Therefore, if CO 2 were to migrate into shallow groundwater, this preliminary modeling effort suggests that groundwater quality would not be immediately impacted.
Summary
We ran three different models with similar configurations to evaluate the past and potential impact of CO 2 on the geochemistry of different reservoirs. Optimization of the EOR model to match observations provided input and a basis for the subsequent predictive models. The Deep Mt. Simon model was also optimized so that the initial conditions matched measured surface complexation analysis. These two models provided insight into the changes brought about by CO 2 interacting with brines, minerals, and iron-oxide surfaces. While the modeled changes due to the addition of CO 2 in surface complexation were clearly evident, we do not believe these changes significantly increase the mobility of trace elements in the brines.
In each scenario, a variety of minerals act to buffer the changes brought about by the addition of CO 2 . As expected, carbonate minerals react quickly but can act to buffer either the decrease in pH or the addition of CO 2 to solution. The silicate minerals serve as pH buffers over longer time periods, but the effect of these minerals is limited by kinetics.
The modeling also shows that should any CO 2 leakage occur at the IBDP site, there will be little to no impact on shallow groundwater resources. For the shallow monitoring well, the only major changes observed over the onemonth time frame of the model were increases in magnesium and calcium. Therefore, monitoring for increases in the concentrations of these elements may serve as a proxy for direct monitoring of CO 2 . 
